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Background: The NA protein is required for the release of progeny virions.
Results: The NA/C6 interaction leads to increased tyrosyl phosphorylation of Src, FAK, Akt, GSK3�, and Bcl-2, which affects
cell survival.
Conclusion: A novel role exists for NA in enhancing host cell survival.
Significance: NA not only aids in the release of progeny virions, but also cell survival during viral replication.

The influenza virus neuraminidase (NA) protein primarily
aids in the release of progeny virions from infected cells. Here,
we demonstrate a novel role for NA in enhancing host cell sur-
vival by activating theSrc/Akt signalingaxis viaan interactionwith
carcinoembryonic antigen-related cell adhesion molecule 6/clus-
ter of differentiation 66c (C6). NA/C6 interaction leads to
increased tyrosyl phosphorylation of Src, FAK, Akt, GSK3�, and
Bcl-2,which affects cell survival, proliferation,migration, differen-
tiation, andapoptosis. siRNA-mediated suppressionofC6resulted
inadown-regulationofactivatedSrc,FAK,andAkt, increasedapo-
ptosis, and reduced expression of viral proteins and viral titers in
influenza virus-infected human lung adenocarcinoma epithelial
and normal human bronchial epithelial cells. These findings indi-
cate that influenza NA not only aids in the release of progeny viri-
ons, but also cell survival during viral replication.

Influenza viruses are human respiratory pathogens that
cause both seasonal epidemics and periodic, but unpredictable,
pandemics (1). The influenza type A virus genome consists of
eight single-stranded negative-sense RNA segments, which
encode up to 11 viral proteins. Annual epidemics occur fre-
quently due to antigenic shift, the process by which the major
viral surface glycoproteins, hemagglutinin (HA) and neuramin-
idase (NA),2 acquire point mutations allowing the virus to par-
tially overcome preexisting immunity. The less frequent, but

potentially more deadly pandemics occur when a virus with a
novelHAand one ormore other genes emerges to cause disease
and spreads efficiently among humans with little or no preex-
isting immunity to the novel strain (2).
In addition to their roles in entry, genome mRNA synthesis,

assembly, and budding, many influenza viral proteins also have
secondary functions that alter the cellular environment to permit
viral replication. For example, thenonstructural protein1 (NS1)of
influenza virus has been reported to activate the phosphatidyli-
nositol 3-kinase (PI3K)/Akt pathway, which suppresses apoptosis
(3–5), whereas overexpression of the nucleoprotein (NP) and
matrix 1 (M1) protein was shown to activate NF-�B (6). Likewise,
binding of recombinant HA to cell receptors induces protein
kinase C signaling, and the overexpression of HA activates NF-�B
(7, 8). The NA protein is critical for virus assembly, budding, and
release fromthe infectedcell (9) andactivatesTGF-� tocontribute
to apoptosis (10). NA activity has also been associated with the
ability to induce type I interferon in a strain-dependent manner
(11), and treatment of cells with purifiedNAwas shown to stimu-
late the expression of TNF-� (12).
In the present study, we show that influenza NA interacts

with human carcinoembryonic antigen-related cell adhesion
molecule 6/cluster of differentiation 66c (CEACAM6/CD66c,
orC6), a glycosylphosphatidylinositol-linked Ig-likemembrane
protein. Overexpression of C6 causes resistance to anoikis (13),
a form of cell death, and activated c-Src signaling in a caveolin-
1-dependent manner (14). Inhibition of C6 expression using
siRNA led to a loss of activation of Src, FAK, and Akt, increased
cell death, and a significant loss of expression of viral proteins.
These findings propose a novel role for the NA protein in sus-
taining cell survival for enhanced viral replication.

EXPERIMENTAL PROCEDURES

Plasmid Constructs, Antibodies, siRNA, Virus Strains, and
Mammalian Cell Lines—For mammalian expression, NA was
cloned into pXJ41neo (Dr. Yee-Joo Tan, National University of
Singapore). The full-length human C6 gene cloned into the
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pRc/CMV plasmid was a kind gift from Wolfgang Zimmer-
mann (Tumor Immunology Laboratory Life Center, University
Clinic-Grosshadern Muenchen, Germany). Anti-NA antibody
was purchased from Meridian Life Sciences (Saco, ME), and
anti-C6 and anti-HA tag antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies against FAK,
P-Y925-FAK, Akt, P-Akt, P-GSK3�, P-Bcl-2, Bcl-2, and P-Src
were obtained from Cell Signaling Technology (Danvers, MA).
Anti-�-actin antibody was purchased from Sigma-Aldrich. A
pool of siRNAs specific for C6, Akt1 (L-003000), Akt2
(L-003001), andAkt3 (L-003002)was purchased fromDharma-
con (Lafayette, CO), and the sequences are listed in Table 1. For
virus infection experiments, the A/Puerto Rico/8/34 (PR8)
influenza virus strain was used at a multiplicity of infection
(m.o.i.) of 1 unless specified otherwise. An 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit
from Biotium (Hayward, CA) and an Annexin-V kit (BD Bio-
sciences) were used for measuring cell growth and apoptosis,
respectively.Other influenza virus strains used in the co-immu-
noprecipitation experiments are listed in Fig. 1F. Human
embryonic kidney 293 (HEK-293) and human lung adenocarci-
noma epithelial (A549) cell lines were purchased from ATCC.
Normal human bronchial epithelial (NHBE) cells (Lonza, Swit-
zerland) were maintained as specified by the supplier. Akt acti-
vator YS-49 was purchased from Sigma. Akt inhibitors GSK
690693 was purchased from Tocris Bioscience, MN. Akt inhib-
itors Triciribine and 124005 were purchased from EMD
Millipore.
Yeast Two-hybrid Screening—Hybrid Hunter (Invitrogen)

yeast two-hybrid system was used for screening. The A/Chick-
en/Hatay/2004 NA gene (H5N1) cloned in the pHybLex/Zeo
vector was used as a bait to screen a human lung cDNA library
cloned in pYESTrp2 vector. The L40 strain of Saccharomyces
cerevisiae was used as host for co-transformation of bait and
library plasmids. Colonies that grewonT�H�/L�Zeo� (stand-
ard dextrose plates with zeocine but lacking leucine tryptophan
and histidine) medium supplemented with 10 mM aminotria-
zole were considered as initial positives.�-Galactosidase assays
were performed as described in the Invitrogen manual (15, 16)
as an additional evidence for determining the strength of
interaction.
In Vitro Translation and Western Blot Analysis—In vitro

transcription/translation was performed using the TNT T7 kit
from Promega according to the manufacturer’s recommenda-
tions. For Western blotting, cells were treated with lysis buffer
(20mMHEPES, pH 7.5, 150mMNaCl, 1mMEDTA, 0.1%Triton
X-100) supplemented with Complete protease-inhibitor mix-
ture (Roche Diagnostics), and the lysates were subjected to
SDS-PAGE. Proteins were transferred to nitrocellulose and
probed with the indicated antibodies.
Co-immunoprecipitation—Cells were harvested in radioim-

muneprecipitation assay buffer (Sigma-Aldrich), and cell

lysates were incubated with primary antibody overnight fol-
lowed by incubation with protein ADynabeads (Invitrogen) for
2 h. The beads were washed three times with PBS, suspended in
Laemmli buffer (62.5 mM Tris-HCl, pH 6.8, 25% glycerol, 2%
SDS, 0.01% bromphenol blue), boiled for 10 min, and spun
down. Supernatants were collected and analyzed by Western
blotting.
Immunofluorescence Microscopy—A549 cells infected with

PR8 influenza virus at a m.o.i. of 1 were fixed at different time
points in PBS with 2% paraformaldehyde for 30 min, permea-
bilized with 0.5% Triton X-100 for 5 min at room temperature,
and blockedwith PBS containing 2%BSA. Immunostainingwas
performed usingmouse anti-C6 and rabbit anti-NA antibodies.
Unbound antibodies were washed away with PBS, and cells
were incubated with goat anti-rabbit Alexa Fluor 488 antibod-
ies and goat anti-mouse Alexa Fluor 594 conjugated antibodies.
Nuclei were stained with DAPI. Images were captured using a
Leica DM6000 CFS Confocal Microscope.
Quantification ofC6andNPmRNAbyReal-timeRT-PCR—Total

RNA from cells was extracted using the RNeasy Mini Kit (Qia-
gen) and treatedwithDNase I (Invitrogen). Two�g of RNAwas
reverse-transcribed using the ThermoScript RT (Invitrogen) in
a volume of 20 �l. Resulting cDNA was diluted 1:10 and 2.5 �l
was used in a SYBR Green (SA Biosciences, Frederick, MD)-
based real-time PCR in a volume of 25 �l using a Mx3000 real-
time PCR instrument (Stratagene). Primers used for real-time
RT-PCR were: C6 forward, GTTGTTGCTGGAGATGGAGG;
C6 reverse, ACGTCACCCAGAATGACACA. Primer sets
specific for an internal control �-actin, ACCAACTGGGAC-
GACATGGAGAAA (forward) and TAGCACAGCCTGGAT-
AGCAACGTA (reverse) and NP gene, CTCGTCGCTT-
ATGACAAAGAAG (forward) and AGATCATCATGTGA-
GTCAGAC (reverse) were used for real-time PCR (��Ct
method) and -fold changes were calculated by comparing with
the uninfected samples. These experiments were performed at
least three times with similar results.
Virus Infection, C6, and Akt Silencing—Scrambled and tran-

script-specific siRNAs specific for human C6 (Table 1) and
Akt1, Akt2, and Akt3 were transfected into A549 and NHBE
cells usingDharmafect1 siRNA transfection reagent. Cells were
plated at a density of 106/well in a 6-well plate and transfected
with a 50 nM concentration of each of the indicated siRNAs 24 h
prior to infection with A/PR/8/34. One day later, cells were
harvested, and lysates were analyzed for NS1, NP, FAK, P-FAK,
Akt, P-Akt, P-GSK3�, P-Bcl-2, and Bcl-2, P-Src, and �-actin
using Western blotting.
PlaqueAssay—Madin-Darby canine kidney cellswere seeded

in 6-well plates (�106 cells/well), and the plates were incubated
at 37 °C overnight. Cell monolayers in all 6-well plates were
washed twice with DMEM, and the supernatant-containing
virus was added in a volume of 200 �l at different dilutions.
Each dilution was plated in duplicate. Plates were incubated
with virus for 1 h, followed by washing with DMEM with 0.3%
BSA. The cells were overlaid with 1.6% agarose (Invitrogen), in
L15medium (2� L15, 1 MHEPES, 200mM glutamine, 50�g/ml
gentamycin, NaHCO3, and penicillin-streptomycin) with 1
�g/ml TPCK-treated trypsin (Sigma-Aldrich). We placed the
plates in an incubator for 2–3 days, carefully removed the aga-

TABLE 1
C6-specific siRNA sequences

GAUCACAGUCUCUGGAAGU
GAACAUGGCUAAAUACAAU
GAGGGUAACUUAACAGAGU
CUACAUACUCCAACUGAAA
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rose, and fixed the cells with 70% ethanol for 5–10 min. Later,
we stained them with crystal violet for 30 min.
MTT Assay—A549 and NHBE cells were seeded at 10,000

cells/well in a 96-well dish. After adherence, they were treated
with either scrambled or C6-specific siRNAs and infected with
influenza virus 24 h later. Ten �l of MTT solution/well was
added and incubated at 37 °C for 4 h to allow for the formation
of formazan. Themediumwas removed, and 200�l DMSOwas
added to each well to dissolve the formazan. Absorbance was
measured on an ELISA plate reader with a test wavelength of
570 nm and a reference wavelength of 630 nm to obtain sample
signal (A570–A630). DMSO was used as a reference.
Flow Cytometric Analysis for Annexin-V Cell Death

Assay—A549 cells were transfected with scrambled and
C6-specific siRNA and infected with influenza virus 24 h later,
as described above. Cells were harvested using 0.05% trypsin/
EDTA (Invitrogen) and washed twice with cold 1� PBS (Invit-
rogen). 200,000 cells were added per well in a 96-well round-
bottom plate (Corning, Corning, NY) and stained with 5 �l of
Annexin-V FITC (BD Biosciences) in 100 �l of 1� Annexin-V
binding buffer for 15 min at room temperature. Samples were
diluted 1:5 and analyzed using a FACS Calibur flow cytometer
(BD Biosciences) and Flowjo software (Treestar, Ashland, OR).

RESULTS

Conserved Interaction of NA with C6 among Different Sub-
types of Influenza Virus—To identify new cellular binding part-
ners for the influenza virus NA protein, a mammalian lung
cDNA library was screened using the NA gene from a highly
pathogenic avian influenza virus as a bait, A/Chicken/Hatay/
2004, in a yeast two-hybrid assay (supplemental Fig. S1A).
Potential positive colonies were confirmed using �-galactosid-
ase assays (supplemental Fig. S1B), and the inserts in these plas-
mids were sequenced. BLAST analysis identified the insert as
themammalian C6 cDNA (supplemental Fig. S1C). To confirm
the NA/C6 interaction, both proteins were expressed using an
in vitro coupled transcription-translation rabbit reticulocyte
system in the presence of [35S]Met (Fig. 1A). Immunoprecipi-
tation of these reactions showed that NA co-precipitated with
C6 and vice versa (Fig. 1A, lane 2). Furthermore, immunofluo-
rescence analysis, following co-transfection of HEK-293 cells,
which do not express endogenous C6, with NA and C6 expres-
sion plasmids revealed a co-localization of both proteins to the
plasma membrane (Fig. 1B). Thus, NA co-localizes and inter-
acts with C6.
Todeterminewhether such an interaction also occurs during

viral infection, A549 cells were infected at an m.o.i. of 1 with
a laboratory-adapted influenza virus, A/Puerto Rico/8/34
(H1N1; PR8). After 24 h, lysateswere harvested, andNAandC6
proteins were immunoprecipitated using specific antibodies.
The NA of PR8 was found to co-precipitate with C6; and con-
versely, C6 was co-precipitated with NA (Fig. 1C, panels 1 and
2, respectively). Immunoprecipitation of each antigen alone
(Fig. 1C, panels 3 and 4) and Western blotting of total cell
lysates (Fig. 1C, panels 6 and 7) also shown the expression of
these proteins. In similar experiments, A549 and NHBE cells
were infected with other influenza virus subtypes (Fig. 1,D and
E), including a reassortant H3N2 (A/X-31), a neurotropic

H1N1 (A/WSN/1933), and a recently emerged pandemic
H1N1 (A/California/08/2009). The NA/C6 interaction was
conserved among all virus strains (Fig. 1F). Furthermore, co-lo-
calization of NA and C6 in A549 cells infected with PR8 by
immunofluorescence indicates that this interaction is also
likely to occur within infected cells (Fig. 2).
Influenza Infection Increases C6 mRNA and Protein Expres-

sion, and Knocking Down C6 Down-regulates Viral Protein
Expression—To test whether influenza virus infection alters C6
expression levels, we infected A549 cells with PR8 (m.o.i. � 1)
and extracted RNA and proteins at various times after infec-
tion. Quantitative real-time PCR analyses indicated a low con-
stitutive level of C6 mRNA expression in A549 cells which was
increased after viral infection (Fig. 3Aa). These mRNA levels
corresponded to comparable increase in C6 protein expression
as indicated byWestern blot analyses (Fig. 3Ab).Wenext deter-
mined the effect of different doses of virus on the enhancement
of C6 expression. A549 cells were infected with PR8 at three
different m.o.i.s (0.1, 0.5, and 5) for 24 h, and C6 mRNA (Fig.
3Ba) andprotein (Fig. 3Bb) levelswere quantified.Here,NPwas
used as a control for mRNA and protein expression (Fig. 3, A, c
and d; and B, c and d). C6 expression was induced in virus-
infected A549 cells in a PR8 dose-dependent manner.
To determine whether the increase in C6 protein affects viral

replication, C6 expression in A549 cells was abrogated using
siRNA prior to infection with PR8. In addition to knocking
down C6 mRNA and protein levels, the siRNA (Table 1) also
substantially down-regulated the mRNA and protein levels of
NS1 and NP (Fig. 4). In contrast, a negative control scrambled
siRNA did not affect the levels of C6 or either viral protein.
Furthermore, there was significant reduction in viral titer (�1
log) in cells treated with C6 siRNA and subsequently infected
with PR8 in contrast to those treated with scrambled siRNA
and infected with PR8 virus (supplemental Fig. S2B). Alto-
gether, these results clearly suggest that the decrease in C6
observed upon viral infection is necessary for an efficient pro-
duction of viral proteins and responsible for viral replication.
NA Activates Akt Cell Survival Pathway through Its Interac-

tionwith C6—Given the role of C6 in cell survival pathways (14,
17, 18), we hypothesized that the interaction of NA with C6
could lead to the activation ofAkt-mediated cell survival (5). To
address this, we transfected HEK-293 cells with influenza NA
and human C6 expression vectors or with C6 and vector-only
control plasmids. Cell lysates prepared 48 h after transfection
were subject toWestern blot analyses using antibodies specific
for phospho-Src (Tyr-416), phospho-FAK (Tyr-925), phospho-
ERK (Tyr-204), and phospho-Akt (Thr-308). As shown in Fig.
5A, phosphorylation of Src, FAK, andAktwas stimulated inNA
and C6 co-transfected cells relative to the controls. However,
phosphorylation of ERK was unaffected. In A549 cells, expres-
sion of NA alone was sufficient to induce phosphorylation of
Src, FAK, and Akt compared with the vector-only control (Fig.
5B). The densitometry graphs compare the relative intensity of
the bands (Fig. 5, A and B, respectively). These results suggest
that the NA/C6 interaction activates the cell survival signaling
pathway through Akt.
To ascertain further the importance of C6 in the activation of

the Akt cell survival pathway, we used siRNA to inhibit C6
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expression inA549 andNHBE cells. As expected, infectionwith
PR8 virus resulted in enhanced phosphorylation of Src, FAK,
and Akt (Fig. 5, C and D; densitometric analysis shown in Fig.
5C). In contrast, infection of cells after C6-specific siRNA treat-
ment resulted in a substantial suppression in phosphorylation
of Src, FAK, Akt, and Bcl-2 molecules in both A549 (Fig. 5C)
and NHBE cells (Fig. 5D). Total levels of each of these proteins
were unaffected by virus infection. These data demonstrate a
critical role for C6 in virus-induced activation of Akt.

We next studied the biological effect of the NA-C6 complex
on cell survival using an MTT assay. A549 and NHBE cells
transfected with scrambled siRNA and C6-specific siRNAwere
infected with PR8 virus and then subjected toMTT assay. Sub-
stantial cell death was observed in C6 siRNA-treated cells com-
pared with the scrambled controls (�67 and�50% relative via-
bility, respectively, Fig. 6, A and B). Staining for Annexin-V, a
marker for the early stages of cell death, also indicated that
viability was decreased upon inhibition of C6 in A549 cells (Fig.

FIGURE 1. Influenza A virus NA interacts with host protein C6. A, in vitro co-immunoprecipitation of NA and C6. HA-tagged NA and untagged C6 were
translated in vitro in the presence of [35S]methionine and immunoprecipitated with �-HA or �-C6 antibodies, respectively. Complexes were subjected to 12%
SDS-PAGE followed by autoradiography. NA co-immunoprecipitated with C6 pulled down by C6-specific antibody (panel 2, lane 2). Similarly, C6 co-immuno-
precipitated with NA protein pulled down by �-HA antibody (panel 1, lane 2). B, NA co-localization with C6 in HEK-293 cells. NA and C6 expression plasmids were
transfected into HEK-293 cells. 48 h after transfection, cells were fixed, and nuclei were stained with DAPI (blue). C6 was labeled with goat anti-mouse Alexa
Fluor 594 (red), and NA was labeled with goat anti-rabbit Alexa Fluor 488 (green) antibody. The rightmost panel shows that 48 h after transfection NA and C6
co-localize on the cell membrane. C, co-immunoprecipitation of NA with C6 in PR8 virus-infected cells. C6 is endogenously present in A549 cells. A549 cells were
infected with A/PR8/34 influenza viruses at a m.o.i. of 1 and harvested at 24 h after infection. Co-immunoprecipitation and Western blot analysis were done
using NA- and C6-specific antibodies. Lane 1 shows uninfected A549 cells, and lane 2 shows interaction between NA and C6 in PR8-infected cells. D, co-
immunoprecipitations of NA and C6 in different subtypes of influenza virus. A549 cells were infected with different subtypes of influenza virus at a m.o.i. of 1
and harvested at 24 h after infection. Co-immunoprecipitation and Western blot analysis were conducted using NA- and C6-specific antibodies. Lane 1 shows
uninfected A549 cells, lane 2-4 show interactions between C6 and NA from A/X-31H3N2, A/WSN/1933, H1N1, and A/California/08/2009 H1N1 subtypes,
respectively. E, co-immunoprecipitation of NA and C6 in primary cells infected with different subtypes of influenza viruses. NHBE cells were transfected with C6
expression vectors or control vectors. 24 h after transfection, cells were infected with different subtypes of influenza viruses at a m.o.i. of 1 and harvested after
24 h. Co-immunoprecipitation and Western blot analysis were conducted using NA- and C6-specific antibodies. Lane 1 shows uninfected NHBE cells, lane 2-4
show interactions between C6 and NA from A/X-31(H3N2), A/WSN/1933 (H1N1), and A/California/08/2009 (pH1N1) viruses, respectively. F, various influenza
virus strains used for this study.

FIGURE 2. NA and C6 co-localize on the membrane of mammalian cells (A549) infected with PR8 influenza A virus. A549 cells were infected with PR8
influenza virus at a m.o.i. of 1 and fixed at 16 h after infection. Nuclei were stained with DAPI (blue). NA was labeled with goat anti-rabbit Alexa Fluor 488 (green)
antibody, and C6 was labeled with goat anti-mouse Alexa Fluor 594 (red) antibody. Protein localization was visualized by confocal microscopy.
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6C). We have also checked the C6 siRNA effect on cell growth
and viability in uninfected samples (supplemental Fig. S2A).
There was a significant decrease in cell viability with the knock-
down of C6 and virus-infected samples in contrast to their
control.
Data shown above clearly indicateNAoverexpression and its

interaction with C6-increased Akt phosphorylation. To inves-

tigate the role of Akt phosphorylation in influenza virus infec-
tion, A549 and NHBE cells were treated with PI3K inhibitors
(LY294002 and wortmanin), Akt activator, YS-49 or Akt inhib-
itors, Triciribine, 124005, or GSK690693 followed by infection
with PR8 virus at a m.o.i. of 1. The samples were analyzed by
Western blotting to check the phosphorylation of Akt (Fig.
7, Aa andBa). It was clearly evident that phosphorylation levels

FIGURE 3. Influenza infection elevates C6 mRNA and protein expression levels in a time- and dose-dependent manner. A549 cells were infected with PR8
influenza virus at a m.o.i. of 1 and harvested 24 h after infection. A, real-time PCR or Western blot analysis of C6 (a and b) and NP (c and d). Expression increases
with time of PR8 infection (4, 6, and 16 h at m.o.i. of 0.1and 1.0). B, real-time PCR analysis (n � 2) of C6 (a) and NP (c) expression increases with increasing dose
of PR8 infection (m.o.i. of 0.1, 0.5, and 5.0); the same samples were checked for protein expression of C6 (b) and NP (d).

FIGURE 4. C6 siRNA-treated influenza A virus-infected cells down-regulate NP and NS1. A, A549 cells were treated with siRNA against C6 and scrambled
siRNA for 48 h and then infected with PR8 virus at an m.o.i. of 1. Cells were harvested at 24 h after infection, and equal amounts of protein from control and
treated cell extracts were subjected to Western blot analysis. First lane shows control levels of C6, NP, and NS1. Second lane shows minimal effect of scrambled
siRNA on the same protein levels. Third lane in top panel shows down-regulated levels of C6. Third lane in second panel from top shows down-regulation of NP
after using siRNA against C6. Third lane in second panel from bottom shows down-regulation of NS1 after using siRNA against C6. Bottom panel shows �-actin
loading control. B, NHBE cells were treated with siRNA against C6 and control siRNA for 24 h and then infected with PR8 virus at m.o.i. of 1. Cells were harvested
at 24 h after infection and analyzed for mRNA expression of C6, NP, and NS1 by quantitative real-time PCR.
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of Akt were reduced in cells treated with PI3K inhibitors and
infected with PR8 virus (Fig. 7). PR8 infection itself activated
phosphorylation of Akt in A549 and NHBE cells.
We have also assessed the viability of NHBE cells in the pres-

ence of PI3K inhibitors (supplemental Fig. S4) and our findings
indicate a decrease in cell viability with LY294002 and wort-
mannin. PI3K inhibitors act upstream of Akt phosphorylation.
Therefore, we investigated further the role of Akt phosphory-
lation utilizing Akt-specific inhibitors. As a control, we used
Akt activator YS-49. YS-49 not only increased Akt phosphory-
lation (Fig. 7, Ab and Bb) but also inhibited virus-induced cell
death (Fig. 7, A and B) in both A549 and NHBE cells. In con-
trast, Akt inhibitors Triciribine, 124005, andGSK690693 inhib-
ited virus-induced Akt phosphorylation (Fig. 7, Ab and Bb) in
A549 and NHBE cells. Akt inhibitors decreased cell viability
(Fig. 7, Ac and Bc) and virus replication (Fig. 7, Ad and Bd) in
PR8-infected A549 and NHBE cells. Apart from pharmacolog-
ical inhibitors we also evaluated the role of Akt in survival path-
way by siRNA knockdown studies. siRNA pools against Akt1,

Akt2, and Akt3 significantly reduced the Akt expression in
infected or uninfected NHBE cells (Fig. 8, Aa and Ba). PR8
infection resulted in significant decrease in cell viability (Fig. 8,
Ab and Bb) and viral titers in both cell lines (Fig. 8, Ac and Bc).
However, despite the change in cell viability and viral titers as a
result of Akt phosphorylation, we did not see significant change
in plaque size (data not shown). These results suggest a role for
NA-C6 in augmenting cell survival following infection with
influenza virus via the Src/Akt axis.

DISCUSSION

To date, the primary role of influenza NA protein has been
believed to be in the release of progeny viruses from infected
cells and the subsequent spread of the virus to the surrounding
uninfected cells. NA is also critical for the initiation of infection
and resultant influenza pathogenesis (19, 20). During influenza
infection, it triggers a host of intracellular signaling. These
pathways carry out various cellular functions which usually are
hijacked by the infecting virus (21). There have been limited

FIGURE 5. NA expression in mammalian cells leads to up-regulation of FAK and Akt phosphorylation. HEK-293 and A549 cells were transfected with the
plasmid expressing H5N1 NA or empty plasmid (pcDNA 3.1 myc/his) as control and harvested at 48 h after transfection. Equal amounts of protein from test and
control sets were subjected to Western blot analysis. A, NA and C6 expression led to significant up-regulation of FAK and Src phosphorylation at 48 h as shown
in second lane of top two panels. The pathway is Akt-dependent but independent of ERK activation as shown in second lane of bottom two panels in HEK-293 cells.
Densitometry analysis (n � 2) of phosphorylation levels of Akt, FAK, and Src molecules in HEK-293 cells transfected with vector only and NA�C6 expression
constructs are shown. Results were analyzed using paired t tests, and differences were considered significant at p � 0.005, p � 0.05, and p � 0.01 for P-FAK,
P-Src, and P-Akt, respectively. Error bars, S.E. B, NA expression led to significant up-regulation of FAK and Akt phosphorylation at 48 h shown in second lane of
top two panels. P-Src and P-GSK3� expression at 48 h after transfection is shown in middle lane of bottom two panels. Bottom panel shows �-actin control in A549
cells where endogenous levels of C6 were checked by immunofluorescence staining. Densitometry analysis of phosphorylation levels of Akt, FAK, Src mole-
cules in A549 cells transfected with vector only and NA expression constructs is shown. Results were analyzed as in A with values of p � 0.04, p � 0.01, p � 0.008,
and p � 0.02 for P-Akt, P-FAK, P-Src, and P-GSK3�, respectively. C, influenza infection led to significant up-regulation of P-Akt, P-Src, and P-FAK at 24 h, shown
in second lane of top three panels in A549 cells. Total Akt and FAK antibody was used as a control (a). In contrast, knock down of C6 shows down-regulation of
P-Akt, P-Src, and P-FAK at 24 h (b). Densitometry analysis of phosphorylation levels of Akt, FAK, Src molecules in infected with PR8 virus in A549 cells is shown.
Results were analyzed as in A with values of p � 0.009, p � 0.001, and p � 0.005 for P-Akt, P-FAK, and P-Src, respectively. D, NHBE cells were transfected with
control siRNA or C6 siRNA for 24 h. Cells were infected with PR8 (1 m.o.i.) for 24 h and harvested for the expression analysis of C6, P-Akt, P-Src, and P-Bcl-2 by
Western blotting. Total Akt and Bcl-2 Western blotting was used as a control.
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studies investigating a role for NA in cell signaling. Here, we
demonstrate for the first time a novel function for influenzaNA
in the activation of Src/Akt cell survival axis via an interaction
with C6. Many viruses have key proteins that have been
reported to activate PI3K signaling cascades. For example, in
the case of hepatitis B virus, X protein has been shown to acti-
vate cell survival signaling through the Src/PI3K (22), LMP1

protein of Epstein-Barr virus induces B cell survival. Similarly,
E5 protein of papillomavirus has been shown to utilize this
mechanism (23). The NS5A protein of HCV directly binds to
the SH3 domain of p85 and induces PI3K/Akt-mTOR signaling
to control cell survival (24). Other viruses such as SARS coro-
navirus (25), poliovirus (26), and dengue virus (27) also utilize
the PI3K signaling pathway to their advantage.

FIGURE 6. Reduction of C6 levels decreases viability of influenza A virus-infected cells. A, A549 cells were treated with siRNA (scrambled or C6-specific)
followed by infection with PR8 virus at an m.o.i. of 1. Samples were examined 24 h after infection by MTT assay and the percentage of viable cells determined
(n � 2). B, NHBE cells were treated with siRNA (control or C6-specific) followed by infection with PR8 virus at a m.o.i. of 1. Cell viability was examined 24 h after
infection by MTT assay (n � 3). C, A549 cells were treated either with siRNA against C6 or scrambled siRNA for 48 h. Cells were infected with PR8 virus at a m.o.i.
of 1. Cells were stained with Annexin-V followed by flow cytometry analysis.

FIGURE 7. PI3K inhibitors and Akt inhibitors supressed Akt phosphorylation and increased virus-induced cell death in A549 and NHBE cells. A and B,
A549 (A) or NHBE (B) cells were infected with PR8 at m.o.i. of 1 and treated with PI3K inhibitors (LY294002 and wortmannin), Akt activator, YS-49, or Akt
inhibitors, Triciribine, 124005, or GSK690639 at indicated concentrations shown. Cell lyastes and supernantants were harvested 24 h after infection for the
analysis of P-Akt and Akt expression by immunoblot (Aa, Ab, Ba, Bb), cell viability by MTT assay (Ac, Bc) and viral titers by plaque assay (Ad, Bd).
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C6 is a member of a family of membrane-associated glyco-
proteins that contain SLex moieties, which are involved in the
binding of influenza virions to the host cell (28). CEACAM
family members are localized to lipid rafts at the cell surface by
either transmembrane domains or glycosylphosphatidylinosi-
tol anchors (29). These plasmamembranemicrodomains accu-
mulate numerous signal transduction components and have
been implicated in transmembrane signaling via Src family
kinases (30). Although CEACAM family members have been
shown to activate tyrosine kinase activity and play a role in
inhibition of apoptosis (31, 32), the ligands that initiate these
signaling pathways have not been fully elucidated.
The NA/C6 interaction described here was confirmed in a

cell-free translation systemand in influenza virus infectedA549
andNHBE cells, where the proteinswere found to co-localize in
the plasma membrane. The interaction was well conserved
across different subtypes of influenza viruses, including the
2009 pandemic H1N1 strain, despite significant differences in
the amino acid sequences of NA.
It has previously been shown that cell adhesion-mediated

FAK-Src signaling has a role in the regulation of human intes-
tinal epithelial cell survival, with inhibition of FAK leading to
increased anoikis (33). The NA/C6 interaction described here
appears to activate this cell survival pathway by enhancing the
phosphorylation levels of Src, FAK, Akt, and Bcl-2. The critical
nature of C6 in these processes during virus infection was fur-
ther established by siRNA-mediated knockdown.We have also
provided evidence that indicates the involvement of Akt signal-
ing PI3K inhibitors reduced the phosphorylation of Akt. Involve-
ment of Akt phosphorylation in cell survival and virus replication
was further confirmed using inhibitors that act directly on Akt

which decreased cell viability and viral titer in infected cells. Addi-
tional evidence in support ofAkt involvent comes fromthe studies
where we knocked down all the isoforms of Akt and observed
reducedcell viability andviral titer in virus-infectedcells.Thephe-
nomenon isnot cell-dependent aswehaveobtained similar results
withHEK-293,A549, andNHBEcells. In the context of viral infec-
tion, silencing C6 led to a reduction in the expression of NP and
NS1proteins aswell as vRNA levels ofNP (Fig. S3). Influenza virus
infection has previously been shown to result in the up-regulation
of expression of integrins and other neutrophil adhesion mole-
cules (28, 34). Influenza NA has been shown to activate TGF-�
(10), andCEACAM6is amajor target forSmad3-mediatedTGF-�
signaling (35). These observations have led us to investigate the
effect of influenza virus on C6 expression levels. In this study we
showed for the first time that influenzaAvirus-infectedA549 cells
show elevatedC6mRNAand protein expression. Taken together,
these findings demonstrate that influenza NA protein may have
additional roles in promoting cell survival during viral infection to
facilitate viral replication.
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